Sequences found in Saccharomyces cerevisiae (3) , Dictyostelium discoideum (4), Trypanosoma cruzi (5) , Toxoplasma gondii (6) , and Entamoeba histolytica (7) make up another subcluster.
These enzymes are characterized by the absence of C-terminal calmodulin-binding sequences and their intracellular localization in compartments different from the sarco/endoplasmic reticulum, or the Golgi complex. The S. cerevisiae (3) and E. histolytica (7) enzymes are localized in vacuoles, while the D. discoideum (8) , T. cruzi (5) , and T. gondii ATPases such as the H + /K + -ATPase of the gastric mucosa (17) , the Na + /K + -ATPase of the heart (18) , and the SERCA-Type Ca 2+ -ATPase of the malaria parasites (19) , respectively.
In the present study, we report the identification in T. brucei of the TbPMC1 and TbPMC2 genes, which encode proteins with homology to the PMCA-type Ca 2+ -ATPases of vacuolar and acidocalcisome localizations (3) (4) (5) (6) (7) (8) . Indirect immunofluorescence analysis using antibodies against a conserved region present in both isoforms showed their localization in the plasma membrane, and co-localization with the vacuolar H + - Nucleic acid analysis-DNA was isolated by a standard procedure (24) . Total RNA was isolated with Trizol reagent according to the manufacturer recommendations. The polyadenylated RNA was obtained using the poly(A) tract mRNA isolation system. mRNA was electrophoresed in 1% agarose gels with 2.2 M formaldehyde, 40 mM sodium acetate, 5 mM EDTA, 100 mM MOPS, pH 8.0. Northern hybridization was done by a standard procedure (24) using probes a (315 bp, N-terminal flanking and coding regions of DNA was run in 1.0% agarose gels with TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0) buffer and transferred to Zeta Probe GT nylon membranes. DNA probes were prepared using random hexanucleotide primers, Klenow fragment of DNA polymerase I and 10 weeks following the initial injection, rabbits were boosted with 100 µg of fusion protein in PBS containing a 10 mg/ml suspension of Al(OH) 3 . Serum was collected before the initial injection (pre-immune serum) and 10 days after each boost. The antiserum was by guest on http://www.jbc.org/ Downloaded from aliquoted and stored at -80 °C. Affinity purification of anti-TbPMC antibodies was carried out by elution from a column to which the His6-TbPMC fusion protein had been coupled.
The affinity column was prepared by conjugating purified His6-tagged TbPMC (derived from a 1 l culture of the transformed E. coli) to CNBr-activated 4B (0.5 ml of beads) as described by the manufacturer. The affinity matrix was incubated with 10 ml of anti- For stable transfection of the procyclic host strain 29-13, the protocol was performed as described by Wang et al. (25) . Briefly, procyclic forms (1 × 10 8 ) were washed once in 5 ml of cytomix (36) and resuspended in 0.5 ml of cytomix containing 10 µg of plasmid that had been linearized by NotI digestion, so that it could target the rDNA spacer region (37).
Transfections were carried out in 2-mm cuvettes using a BTX electroporator with peak discharge at 1.6 kV, 50 microfarads). Immediately following transfection, parasites were transferred into 10 ml of SDM-79 supplemented with G418 and hygromycin. After 20 hours, selection was applied by culturing in the presence of 2.5 µg/ml phleomycin, and the parasites were grown for 2 or 3 weeks to form stable lines. For induction of dsRNA, parasites were cultured in the same medium containing 1.0 µg/ml tetracycline. Parasites were diluted 10-fold when densities reached a minimum of 1 × 10 6 cells/ml. They were not allowed to grow beyond 5 × 10 6 cells/ml before diluting again.
For the bloodstream host strain BF cell line, the protocol was performed as described BTX electroporator (peak discharge at 1.7 kV, 50 µF). Immediately following transfection, parasites were transferred into 24 ml HMI-9 supplemented with G418 and 1 ml aliquots were plated onto 24 well tissue culture plates. After 24 hours, selection was applied by the addition of 2.5 µg/ml phleomycin and fresh medium, which was changed for each every three days. Stable clones were evident after 7-10 days. RNAi was induced by adding 1 µg/ml tetracycline to the medium.
Cellular localization of TbPMC1 and TbPMC2-For the insertion of the Ty1 epitope tag
to the C-terminal of TbPMC1 and TbPMC2, three oligonucleotides were designed: primers
for TbPMC1-Ty1; TbPMC2Ty15 (5'-AAGCTTATGCATCCACTTGAGTCA-3') and Ty13 for (26, 27) , were used to amplify, by PCR, specific sequences from T. brucei genomic DNA. The PCR products were cloned and sequenced. Analysis of the deduced partial amino acid sequence of these clones revealed that a 1.0 kb PCR clone had the best score of sequence identity (48%) and similarity (56.6%) with the PMCA-type Ca 2+ -ATPase described in T.
electrophoresed, and blotted. The blots were hybridized with the α-32 P-labeled 1.0 kb PCR product and washed at high stringency (Fig. 1A) . Clones 17C8 (Fig. 1A, lane 1) , and 15A11 (Fig. 1A, lane 3) exhibited a similar pattern of strong labeling at 15 kb and 5.5 kb. A 5.5 kb band from 7D7 (Fig. 1A, lane 2) was labeled, and three bands of 15, 10 and 5.5 kb were labeled from 1C8 (Fig. 1A, lane 4) . The 15 kb and 5.5 kb bands from 15A11 and the 10 kb band from 1C8 were purified and subcloned into the HindIII site of the pBluescript II KS(-)
vector for sequence analysis and mapping. The sequence analysis showed that the 5. Southern blotting was performed with TbPMC1.0 as a probe to confirm the presence of these genes in the T. brucei genome (Fig. 1B) . Genomic DNA from T. brucei procyclic forms was digested with several restriction enzymes and hybridized at high stringency with the TbPMC1.0 probe. Most restriction enzymes used produced multiple hybridization bands.
This suggested that TbPMC was present as a multiple copy gene.
To confirm the transcription of the TbPMC genes and the sequence of the 5'-end of the transcripts, RT-PCR was performed as described under Experimental Procedures using the spliced leader sequence as a primer (Tb-5'-SL) and a specific primer for both isoforms (RTP3'2). Sequence analysis of the RT-PCR products (bands of 600 and 900 bp, respectively, Fig. 2C ), indicated that they were derived from the TbPMC genes and that the predicted translation initiation sites of TbPMC1 and TbPMC2 were preceded by 140 and 543 bp of 5'-untranslated sequence, respectively. The remainder of the sequences of the PCR products was identical to the 5'-ends of the coding sequences of the respective genes (Fig. 2B) 
Structure of the Coding Region and Genomic Organization of TbPMC-TbPMC1 and
TbPMC2 have open reading frames of 3,321 and 3,243 bp, predicted to encode proteins of 1,106 and 1,080 amino acids, with molecular masses of 121.7 and 119 kDa, respectively.
TbPMC1 has 94% identity to TbPMC2. The major difference is in 64 amino acids at the Nterminal region. TbPMC1 has amino acids insertions not present in TbPMC2. Analysis of the TbPMC1 and TbPMC2 amino acid sequences (Fig. 3) showed that these gene products contain all the conserved subdomains and invariant residues found in other P-type ATPases, such as the phosphorylation and ATP-binding domains (26, 27) . Hydropathy analysis of the deduced amino acid sequences (Fig. 3 ) revealed profiles very similar to those of other calcium pumps containing 10 transmembrane domains (dashed lines above TbPMC1 sequence in Fig. 3 (6), and E. histolytica PMCA (7). (Fig. 4A, plate 1) . Since the sizes of TbPMC1 and TbPMC2 cDNA are quite similar (4,117 and 4,433 bp respectively), it is very difficult to separate them on 1% agarose gels. The 4.4 kb transcript was more abundant in bloodstream than in procyclic forms (Fig. 4A) , whereas the 2.0 kb transcript was similarly abundant in both stages. Probes a and b that would hybridize to transcripts from TbPMC1 and TbPMC2, respectively (Fig.   2B ) detected mainly the 4.4-kb band (Fig. 4A, plates 2 and 3 ). These messages were more abundant in bloodstream forms. Bands obtained after hybridization with a PCR product of the α-TUB gene, which is expressed at similar levels in two stages of T. brucei, were used as a reference control (Fig. 4A, plate 4) .
Expression of TbPMC1 and TbPMC2 in Procyclic and
To detect the TbPMC gene products, antibodies were raised against a protein of 310 amino acids at their C-terminal region, fused to a His6 tag, and purified as described under Experimental Procedures. This region was chosen because it is the least conserved region of all known Ca 2+ -ATPases. Total cell lysates prepared from bloodstream and procyclic forms of T. brucei were subjected to Western blot analysis with the affinity-purified antibodies.
These antibodies detected one strong band of 120 kDa that was more intense in bloodstream than in procyclic forms. This apparent molecular weight is close to the predicted molecular mass of TbPMC1 and TbPMC2. A weaker band of 60 kDa was also detected in bloodstream forms (Fig. 4B) . The 60-kDa band is probably a proteolytic product since its intensity increased when lysates were preincubated in the absence of protease inhibitors or not freshly prepared. A high sensitivity to proteolysis was also found in studies with the T. cruzi PMCA-Ca 2+ -ATPase (5). No background staining was observed when pre-immune serum was used as a control (data not shown). detected in the plasma membrane (9) , indicated that the Ca 2+ -ATPases localize to these organelles, and the plasma membrane. Strain K661 has the PMC1 gene (3) and thus served as positive control (Fig. 6A and B) .
Co-localization of T. brucei Ca
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Effects of the Inhibition of TbPMC1 and TbPMC2 Expression on Procyclic and Bloodstream
Forms-To investigate whether the T. brucei PMCA-type Ca 2+ -ATPases are essential for the parasites, we tested RNA interference of TbPMC1 and TbPMC2. We cloned 650 bp from the central region of TbPMC1 and TbPMC2 into the pZJM vector and obtained stable clonal lines. Procyclic cells with pZJM/TbPMC integrated into the genome had normal morphologies in the absence of tetracycline but displayed a swollen cell phenotype when grown in the presence of tetracycline (Fig. 7) . We measured the growth rate of procyclic pZJM/TbPMC forms in the presence and absence of tetracycline (Fig. 8A) . Procyclic pZJM/TbPMC cell lines grew slower when tetracycline was included in the growth media as compared with pZJM/TbPMC cells in the absence of tetracycline. Procyclic pZJM/TbPMC cultures doubled in cell density approximately twice after tetracycline was added to the culture media and then reached a growth arrest. These results demonstrate that TbPMCs are essential for growth in T. brucei. As expected, the 4.4-kb TbPMC mRNA disappeared in procyclic pZJM/TbPMC cells exposed to tetracycline (Fig. 8B, lanes 2 and 3, upper panel). This loss of TbPMC mRNA was accompanied by the appearance of a TbPMC RNA-related smear extending downward from ~1.2 kb probably representing degraded RNA. In contrast, neither TbPMC levels in the absence of tetracycline (Fig. 8B, lane 1, upper panel, and arrowheads) nor α-TUB levels in pZJM/TbPMC cells were altered by tetracycline (Fig. 8B, lower panel) . The levels of TbPMC protein were reduced dramatically by day 6, and by day 9 it completely disappeared (Fig. 8C) . On day 12, TbPMC levels increased (Fig. 8C) and population growth resumed (Fig. 8A ). This recovery may represent genetic or epigenetic escape from the regulatable RNAi system and occurred with clonal or nonoclonal populations. Throughout the induction, there was no significant change in the levels of α-tubulin protein (Fig. 8C) .
In bloodstream stages, the growth of pZJM/TbPMC (D5), pZIM/TbPMC1 (C4) and concentrations (35). We therefore examined if this was also true with the TbPMC mutants obtained by RNAi. We measured the growth rate of cultured procyclic pZJM/TbPMC cells in the presence and absence of tetracycline supplemented with 1.0 mM (Fig 10A) , 2.0 mM (Fig. 10B) , 5.0 mM (Fig. 10C) , and 10.0 mM (Fig. 10D ) CaCl 2 . Increasing the extracellular calcium concentration resulted in a dramatic decrease in the growth rate of the cells when tetracycline was included in the growth medium. Interestingly, mutant procyclic forms
were not able to undergo any duplication when they were incubated in the presence of 5 to 10 mM CaCl 2 . These results confirm that these Ca 2+ -ATPases play an important role in Ca 2+ homeostasis in T. brucei.
Different localization of TbPMC1 and TbPMC2-To investigate whether TbPMC1 and
TbPMC2 have different subcellular localizations we inserted a 10 amino acid epitope tag to the C-terminal of TbPMC1 and TbPMC2 and expressed these modified proteins in procyclic forms. This 10 amino acid sequence (Glu Val His Thr Asn Gln Asp Pro Leu Asp) derives from the immunologically well characterized major structural protein of the Saccharomyces cerevisiae Ty1 virus-like protein, and has been used previously to study protein targeting and organelle biogenesis in T. brucei (23) . Antibodies against the conserved region of the T.
brucei Ca 2+ -ATPases (Fig. 5) were used as controls. We observed strong labeling of intracellular vacuoles with monoclonal antibody BB2 against the Ty1 epitope tag in procyclic forms tranfected with TbPMC1-Ty1 (Fig. 11E) , while labeling was in the plasma membrane when the antibodies were used against procyclic forms transfected with TbPMC2-Ty1 (Fig. 11I) . No fluorescence was observed in control wild-type parasites incubated in the presence of monoclonal antibody BB2 (Fig. 11A) tetracycline, was 54 ± 4 nM (n = 6) and 28 ± 3 nM (n = 6), respectively, in the absence of extracellular Ca 2+ (Fig. 12A-B (Fig. 12C ).
We have previously described that in T. brucei, the combination ionomycin + nigericin is able to relase Ca 2+ from the acidocalcisomes (44, 45). This is because ionomycin alone cannot move Ca 2+ out of acidic compartments. In the absence of nigericin it only releases a small amount of Ca 2+ from neutral or alkaline compartments (Fig. 12A, trace a, after first arrow). Alkalinization of the acidic compartment by nigericin allowed ionomycin to release this acidic Ca 2+ (Fig. 12A, trace a, after second arrow) . Similar results were observed when the order of additions was inverted (Fig. 12A, trace b) . Addition of ionomycin + nigericin to mutants lacking TbPMC1 (Fig. 12B, traces c and d) , or both TbPMC1 and TbPMC2 (Fig. 12A, traces c and d) , resulted in a lower increase in [Ca 2+ ] i than in the control cells (Figs. 12A and 12B, traces a and b) . This is better illustrated in Fig. 12D .
In contrast, mutants deficient in TbPMC2 did not show significant differences in their response to ionomycin + nigericin (Figs. 12C and 12D (Fig. 3) . The expression of TbPMC1 and TbPMC2 in a yeast mutant deficient in vacuolar Ca 2+ accumulation (K665) provided genetic evidence that TbPMC1 and TbPMC2 encode vacuolar Ca 2+ pumps with different properties (Fig. 6 ) that could be related to their different subcellular localization (Fig. 11) . Further biochemical characterization of these isoforms will help to identify differences with their mammalian counterparts to permit the development of specific drugs. These calcium pumps were shown to be localized to acidocalcisomes (TbPMC1) or to the plasma membrane (TbPMC2) (Fig. 12) , and growth inhibition (Fig. 8A) . Interestingly, procyclic forms with pZJM/TbPMC integrated into the genome displayed a swollen cell phenotype when grown in the presence of tetracycline. This phenotype has been described previously for RNAi of the α-tubulin gene (50, 51) and termed as FAT phenotype. It is possible that alterations in Ca 2+ homeostasis could be responsible for these phenotypic changes. In the bloodstream forms, RNAi only slowed growth for the first 24 h, and was not lethal. However, this was because of the leakiness of the vector in these forms, because the mRNA was not completely eliminated after induction of the cells with tetracycline (Fig. 9 ). This phenomenon also occurred with mutant procyclic forms if sufficient time was given for them to recover (Fig. 8A ). Mutant procyclic forms were highly sensitive to high extracellular calcium concentrations (Fig. 10) , thus confirming the role of these pumps in calcium homeostasis in T. brucei.
In conclusion, this study provides evidence that genes for PMCA pumps are present in multiple copies in the T. brucei genome, with at least three isoforms identified (TbPMC1, 39. Strehler, E. E., James, P., Fischer, R., Heim, R., Vorherr, T., Filoteo, A. G., Penniston, J. T. 
